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HAGNETOGASDYNAMIC ROCKET 

FOR SPACE PROPULSION 

by 

R. J. Sunderland and A. R. Asam 

ABSTRACT 

A linear crossed field plasma accelerator and test facility was 
developed. 
rates of 0.1 grms/sec of argon were inaccurate and non-reproducible 
because of erosion of the accelerator electrode insulators. Severe 
material erosion limited continuous operation of the accelerator at 
magnetic fields above 500 gauss to a few minutes. Hall deflection was 
successfully reduced by staggering the accelerator electrodes. 

Thrust measurements performed with the accelerator at gas f l o w  



MAGNETOGASDYNAMIC ROCKFT 

FOR SPACE PROPULSION 

R. J. Sunderland, MHD Research, Inc. 

and 

A. R. Asam, The Marquardt Corporation 

SUMMARY 

A linear crossed field plasma accelerator and test facility was 
developed to investigate the feasibility of plasma propulsion for use in 
an extraterrestrial environment. The accelerator consisted of a plasma 
jet, supersonic nozzle and crossed electric and magnetic fields and was 
mounted on a dynamometer capable of measuring thrust in both the longi- 
tudinal and transverse directions. The entire unit was operated in a 
three foot diameter by six foot  long  vacuum chamber capable of maintain- 
ing a pressure of approximately 40 microns H g  with gas flow rates of 
0.1 gms/sec of argon. There were 40 KW of power available for arc jet 
operation and 75 KW for accelerator operation. A description of the 
accelerator and test facility is provided along with some representative 
data for approximately 20 hours of intermittent operation. 

It was determined that the accelerator could only be operated 
continuously f o r  a period of a few minutes, at magnetic fields above 
500 gauss, primarily because of severe material erosion. Hall deflection 
was effectively reduced by employment of staggered electrodes, however, 
arc erosion of the electrode insulators precluded accurate and reproducible 
thrust measurements. The principal difficulty occurred from the tendency 
of the arcs to migrate along the electrode leads when the external magnetic 
field was applied. The erosion of insulating plates on the top and b o t t o m  
of the accelerator section was also severe. 



I. INTRODUCTION 

MHD Reasearch, Inc. under subcontract t o  The Marquardt Corporation, 
has developed a l inear  crossed-field plasma accelerator and test  f a c i l i t y  t o  
investigate the f eas ib i l i t y  of plasma propulsion for  use i n  an ex t ra te r res t r ia l  
environment. 
Corporation. 

An associated analytical program w a s  performed by The Marquardt 

The objectives of the  experimental investigations were: (a) t o  improve 
the multiple discharge electrode arrangement, previously developed under Contract 
NAS-5-llX>, with respect t o  s t ab i l i t y  of arc discharges, supression of H a l l  
e f fects ,  and the minimization of channel f r ic t ion ,  heat transfer,  and electrode 
erosion; (b) t o  investigate more eff ic ient  methods of diagnostic experiments 
t o  determine the electron density and temperature as a function of position 
of the plasma i n  the  accelerator; and (d) t o  develop a rel iable  measuring 
system t o  obtain reproducible data on thrust  level,  specific impulse, par t ic le  
velocity, and m a s s  flow, with and without application of electromagnetic accel- 
erating forces. 

The objectives of the analytical investigation were: (a) t o  determine 
the heat t ransfer  andfrictional effects applicable t o  the desired range of 
mass f l o w  and specific impulse i n  the presence of crossed e l ec t r i c  and magnetic 
fields;  (b) t o  determine optimum channel geometries; (c)  t o  study the H a l l  
phenomena and methods of reducing Hall effects;  and (d) t o  perform an overall  
propulsion analysis which would lead t o  the selection of performance parameters 
securing optimum performmce. 

Before definit ive results were obtained, the analytical  portion 
w a s  deleted from the program at the request of the L e w i s  Research Center i n  
order t o  supply a larger e f for t  t o  the  experimental investigation. 

I n  the experiments t o  be described, a par t ia l ly  ionized gas having 
cylindrical  symmetry about the  Z axis is  i n i t i a l l y  moving para l le l  t o  t h i s  
axis,  Figure 1. 
is para l le l  t o  the negative X axis and which has an e lec t r ic  f i e l d  i n  the  XY 
plane having both Y and Z components. Actually, the gas enters and leaves 
the crossed f i e l d  region through a fringing magnetic f i e ld  so tha t  the magnetic 
induction at the inlet  and ex i t  regions has components i n  the Z as well as 
i n  the X directions, 
pole faces of an electromagnet, but i s  unbounded in  the Y direction except for 
the  electrodes which establish the e lec t r ic  f ie lds .  
accelerator w a s  horizontal and the XZ plane ver t ica l  i n  the gravitational sense. 

"he gas enters a region i n  which the magnetic induction,B, 

The jet  is bounded i n  the  X direction by the insulated 

The YZ plane of the 
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The thrust  increment imparted t o  the  pa r t i a l ly  ionized gas stream by 
the  accelerator may, i n  principle, be ascertained by integrating the 3 x 5 
term i n  the equation of motion over t he  interaction volume. 

However, the  F r e n t  density term ;f is  a function of the component8 of 
i;he magnetic induction B, t he  scalar e l ec t r i ca l  conductivityCo i n  the  zero 
riagnetic f ield case, and the H a l l  and ion-slip parameters 'd'l and r2 (as 
defined i n  Appendix I), as well as a function of the  e l ec t r i c  f i e l d  E as 
ilieasured i n  a frame of reference moving with the  velocity u of the  plasma 
as a whole. 
iaagnetohydrodynamic equations f o r  the va r i ab le sp ,  p, T, u, J ,  E and B. 
These equations are sham i n  Appendix I along with the  definit ions of the 
appropriate symbols. 

In  general, the  problem involves the  solution of thefLmieental 
4 t -  

Several authors (e.g., Ref 1-7) have attempted t o  obtain solutions 
fo r  t h i s  set of equations. 
order t o  yieldmathematically tractable forms (e.g., constant density, uniform 
temperatures, constant degree of ionization, uniform magnetic induction, w e l l  
defined boundaries, e tc . )  removes the resu l t s  from the  region of those actual ly  
observed. 
treatments it w a s  decided t o  adopt an engineering approach t o  the  problem. 

However, the assumptions which must be m a d e  i n  

Therefore, rather than attempt t o  improve upon existing theoret ical  

The accelerator and plasma je t  were mounted on a thrust  stand 
capable of yielding both the  longitudinal and transverse thrus t  components. 
By recording the thrus t  observed for various applied magnetic fields, arc 
voltages and currents, electrode geometries, gas flow ra tes  and plasma je t  
powers, correlations could be made which would yield thrus t  data as a function 
of t he  engine operating parameters. 
t o  t h i s  one engine only, and w o u l d  not be representative of crossed-field 
accelerators i n  general. The degree of success of t h i s  approach w i l l  be 
discussed i n  the  sections below. 

These correlations would be appropriate 

- 3- 
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11. DESCRIETION OF THE ACCELEWXTOR FACILITY 

A. TfIE NEED FOR VACUUM TESTING 
Previous crossed-field accelerator experiments performed i n  the  

MHD Research, Inc. laboratories were conducted i n  an environment which did not 
represent true space-like conditions and which were not conducive t o  obtaining 
accurate thrust  measurements. 
located outside the vacuum system, while the magnet pole faces and arc  
electrodes were mounted inside a vacuum container. 
w a s  several m i l l i m e t e r s  of mercury and thrust  measurements w e r e  made by 
allowing the plasma beam t o  impinge upon a thrust disk. Calibration of the  
thrust disk was based on the assumptions tha t  the plasma beam f e l l  upon the 
center of the  thrust  disk and was deflected through an angle of goo, and 
t h a t  no material was ejected fromthe face of the  disk i tself .  
it was assumed that effects  due t o  thermal distortions were negligible. 
In  real i ty ,  the beam did not strike the center of the disk, but was deflected 
towards the  edges due t o  the interaction between the magnetic f ield and 
axial currents i n  the  plasma. No experiments were conducted t o  deter- 
mine the e f fec ts  of ablation fromthe face of the disk. 
measurements are  considered t o  have inaccuracies from 0 t o  X) percent. 

In  these tests, the  plasma generator was 

The pressure i n  the system 

I n  addition, 

Consewently, thrust 

To nlleviate these objections the plasma accelerator i n  the 
present program i s  operated as an engine i n  a more r e a l i s t i c  space 
environment. The plasma generator, magnet, and crossed-field arcs  are 
located i n  a vacuum chamber maintained at a pressure of several microns of 
Hg, and thrust  measurements are made by observing the deflections of the 
en t i re  engine unit .  
micron t o  several millimeters, and the  beam passes through an ex i t  nozzle 
in to  the region of lower vacuum. In  the sections below, descriptions are 
given of the engine, the vacuum system, the thrust stand, and the  instrumentation 
used t o  monitor engine and thrust stand operation. 

The arc region is  maintained at a pressure of from 200 

The x 3 engine assembly consists of a plasma generator t o  
provide a flow of pa r t i a l ly  ionized gas, a supersonic nozzle t o  pa r t i a l ly  
convert the  thermal energy of the  plasma t o  directed kinetic energy, a set of 
arc electrodes, and an electromagnet. 
e l ec t r i c  f ie ld  and the i n i t i a l  velocity vector of the  gas flow are mutually 
perpendicular. 

The directions of the magnetic f ield,  the  
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I 1. The Magnet 

"he magnet assembly, as shown i n  Figure 2, has an H 
configuration and is u t i l i zed  as the engine frame. 
mounted i n  iron holders which f i t  in to  the magnet yoke. 
and supersonic nozzle are also mounted t o  the magnet yoke. 
working area of the magnet i s  enclosed i n  water-cooled shrouding with a wide 
open region on the downstream side. 
higher pressure i n  the arc  region than ex is t s  i n  the  vacumm tank itself. 
The pressure i n  the environmental. chamber is i n  the range of 10 - 1000 microns 
of mercury, depending upon gas f l o w  rates. 

The E f i e l d  electrodes are 
The plasma generator 

The inter ior  

This shrouding is necessary t o  provide a 

The electromagnet i s  designed for  g0,OOO ampere turns and has 
a 3 inch gap. 
water-cooled pole shoes are 6 inches i n  diameter chamfered t o  a working area of 
approximately 4 inches by 6 inches. 
15-1/8" outside diameter. 
i n  e lec t r ica l  hookup and also provide for  more e f f ic ien t  cooling. 
water-cooled copper heat sink is placed between each co i l  and i n  all there are 
eight heat sinks. 
is  fabricated of low carbon steel. The windings on the co i l s  are No. 14 gauge 
square copper w i r e  with Polythermalex insulation. 
expoxied t o  form a compact, gas t igh t  assembly. 
l e s s  than 10 ohms at 300°K. 

The pole cores have a diameter of 6 inches and the  removable 

The coils,  three on each pole core, are 
The multiple co i l s  provide for  more ve r sa t i l i t y  

A 

The magnet yoke is  19 inches by 19 inches by 8 inches, and 

The en t i re  structure is  
The resistance of each co i l  is  

Figure 3 shows the magnetic flux density at the  center of the 
f ie ld  region as a fbnction of the  magnet current. 
without water cooling i n  the magnet co i l s  and no excessive heating was observed 
at  the highest current ratings. 
magnet currents of 6 amperes per coil .  
magnetic f i e l d  strength was always below 8000 gauss. 

These tests were performed 

The curve shows no signs of saturation up t o  
In  the experiments t o  be described the 

2. The Arc Electrodes 

"he E f ield electrodes, shown i n  Figure 4, are mounted i n  
three pairs, 1 4 2  inches on centers. 
2 percent thoriated tungsten which is water-cooled by coaxial squir t  tube. The 
electrode shanks are encased i n  a refractory ceramic insulator (boron n i t r ide) .  
A special plumbing cross is mounted on the  termination of each electrode t o  
provide access for  cooling water and e lec t r ica l  connections. 
force arc  attachment t o  the electrodes i n  a magnetic field-free region the 
electrodes can be sheathed with a cylinder of soft iron. 
same design, but w i t h  copper t i p s  as sham i n  Figure 5 have also been operated. 
The anodes were designed i n  t h i s  manner so tha t  a rc  attachment would be 
confined t o  the elongated copper portion when the magnetic f ield was applied. 

They are constructed of 3/4 inch diameter 

In  an attempt t o  

Anodes having the  
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Figure 6 shows two arc electrodes, one i n  an assembled 
condition and the  other disassembled showing the  component p a r t s .  
disassembled view displays the water-cooling cross, the  tungsten electrode, a 
te f lon  insulator, the  soft i ron flux shield, t he  boron n i t r ide  insulator, and 
the  connector fittings. 
point, the  flux shield was wound with water-cooling coils.  
shown i n  the  photograph. 

The 

To prevent t he  soft i ron from exceeding i ts  Curie 
These are not 

3. The Plasma Jet 

The plasma generator used with the  engine has been either 
a Thermal Dynamics Model U-50 or  Model 4 0 .  
with a Thermal Dynamics laminar f low anode coupled t o  a se t t l i ng  chamber--Mach 3 
de Laval nozzle combination or with anMHDResearch, Inc. designed mode-nozzle 
uni t .  

The basic u n i t  has been operated 

The manufacturer states that with the  laminar f l o w  anode the  
plasma je t  w i l l  operate over a power range from 5 - 30 KW with a f low rate of 
from 5 - 15 SCFM of argon. 
gms/sec. 
the mixing chamber - de Iaval nozzle combination, can be operated i n  air at 
one atmosphere with f low rates as low as 0.1 gm/sec of argon at a power level of 
the order of 10 Kw. 
nozzle combination it w a s  not possible t o  operate the  je t  under s table  
conditions at flow rates below 0.5 gm/sec. 

This corresponds t o  a mass f l o w  rate of 0.07 - 0.21 
It has been found t h a t  the plasma je t  with t h i s  anode, but without 

However, when operated i n  vacuum with the  mixing chamber- 

With the MHD Research, Inc. designed anode-nozzle 
(Figure 7) the  plasma je t  could be operated i n  vacuum at f l o w  rates as low as 
0.04 gm/sec with an imput parer of 20 Icw (1000 amps., 20 volts) .  
experimental discussions t o  follow, f l o w  rates of 0.5 gm/sec of argon and above 
w i l l  be referred t o  as "high f l o w  rates" and below 0.5 gm/sec w i l l  be referrred 
t o  as " low flow rates". 

In  the  

4. Power Supplies 

a. The Magnet Parer Supply 

The magnet parer supply consists of a single phase 230 vol t  
ac auto-transformer double ganged, an isolat ion transformer, a s i l i con  r e c t i f i e r  
bridge capable of 15 amps, and a 1000 microfarad f i l t e r  capacitor. This supply 
i s  unregulated and can be adjusted continuously from 0 t o  360 vol t s  on open 
c i rcu i t .  It is  capable of delivering a continuous current of 12.5 amperes in to  
any load between 0 and 24 ohms. Maxim continued output parer i s  3.5 KVA. 

-10- 
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b. The Arc Power Supplies 

The arc power supplies a re  25 KW rec t i f ie rs  manufactured 
by A. 0. Smith. 
open c i r cu i t  voltages. 
are shown i n  Figure 8. 
are used i n  the  cross-field accelerator experiments. 

The rectifiers have connections f o r  supplying three different 
The volt-ampere characterist ics of these r ec t i f i e r s  
Three of these r ec t i f i e r s  (A. 0. Smith Model A6000 SR) 

c. Plasma Jet Power Supply 

r ec t i f i e r .  
Power is provided by a 4 0  KW, 160 OCV Miller welding 

c .  TRE VACUUM SYSTEM 

The engine assembly is instal led i n  a vacuum chamber measuring 

The 
three feet i n  diameter and s i x  f e e t  i n  length. 
has a removable end p la te  and several access ports on the top and sides. 
tank is evacuated by a Stokes Model 150-16 inch o i l  diffusion pump having a 
maximum pumping speed of 9500 cfh, and having an ultimate vacuum blankoff 
pressure of 8 x 10-5 millimeters of mercury. This pump i s  backed by Stokes 
Model 412-H mechanical pump having a pumping speed of 300 cfm, and capable 
of at ta ining an ultimate vacuum of 10-2 millimeters of mercury. 
pneumatically operated poppet valve i s  ins ta l led  between the chamber and the  
oil diffusion pump. 
of this valve is  controlled manually, o r  automatically by an adjustable 
thermocouple gauge controller set t o  close the valve at  between 1 .5  and 2 
millimeters of mercury. 
f o r  the  diffusion pump i n  case of a leak o r  other high pressure occurrence. 
The roughing and backing l ines  are  s i x  inches inside diameter and contain s i x  
inch gate-type valves. The chamber pressure and the pressure in  the roughing 
and backing l ines  are monitored with 0 t o  loo0 micron thermocouple gauges. 
Thermocouple gauges having a range between 0 and 20 millimeters are ins ta l led  
in  the  engine working chamber and a t  the ex i t  of the supersonic nozzle ( i f  
used). A Bourdon gauge having a range from 0 - 800 millimeters is used t o  
monitor the pressure i n  mixing chamber downstream of the  plasma jet nozzle. 

The chamber, shown i n  Figure 9, 

A right angle 

Th i s  valve i s  a Stokes Model 217-16 inch. The operation 

Automatic control of t h i s  valve provides protection 

The en t i re  vacuum chamber is constructed of low carbon s t ee l .  
Copper cooling co i l s  are wound on the in te r ior  surface of the tank, and two 
water--cooled baffle plates a re  mounted on the end which connects t o  the 
diffusion pump. 
on rails mounted on the inside of the tank. 
form an integral  unit  which can be wheeled away from the tank t o  provide 
free zccess t o  the engine assembly. 
readily accessible, the pumping system is mounted i n  a p i t  sunk below f loo r  

The engine assembly i s  mounted on a base plate  which t ravels  
The t r ay  assembly and end dome 

To make a l l  portions of the vacuum chamber 

-13- 
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level .  
Figure 10. 
This pump is  now located i n  the  p i t  adjacent t o  the  diffusion pump. 
the  chamber is fabricated from low carbon steel and is  consequently subject t o  
erosion and oxidation, the  inter ior  of the chamber is coated with a film of 
vacuum pump o i l .  Figure ll showsthe par t ia l ly  opened vacuum chamber and a 
portion of the associated control panel. 
portion of the pumping system and vacuum tank. 

A layout of the vacuum chamber and pumping system is  sham i n  
This drawing shows the mechanical pump mounted at floor level. 

Since 

Figure 12 is  a photograph of a 

With the  assembled engine i n  the vacuum chamber, and with a l l  
e l ec t r i ca l  and water systems rconc', a chamber pressure of 100 microns mercury is  
readily achieved with the Stokes 412H mechanical pump. 
when no gas i s  flowing in to  the plasma jet .  With the Stokes Series 150-16 inch 
o i l  ejector pump operating, a chamber pressure below 10 microns is  obtained. 
Star t ing with t h i s  base pressure, t he  chamber pressure versus throughput of 
argon i n  grams per second is sham i n  Figure 13. 
i s  the  pressure as read from a thermocouple gauge located on the  top of the  
vacuum chamber, Since t h i s  gauge is calibrated t o  read the air pressure, a 
correction has t o  be made t o  obtain the t rue  pressure i n  the  chamber when 
argon is present. This figure indicates tha t  a chamber pressure of the order 
of 80 microns can be maintained with a gas f l o w  rate of 0.1 gram of argon per 
second. 
mechanical pump operating, plasma jet  tests, at f l o w  rates of the order of 
0.04 grams per second, have been performed at chamber pressures of the order 
of two hundred microns. 
cooled by the internal  tank baffles so tha t  the throughput closely approximates 
the room temperature data. 

This s i tuat ion applies 

The curve marked "Indicated" 

These curves also apply t o  room temperature data. With only the  

This would seem t o  imply tha t  the  gas i s  suff ic ient ly  

D. TKE THRUST STAND 

1. General Considerat ions 

The measurement of t he  thrust  of a 5  x 3 engine is  not as 
straightforward as the one dimensional thrust  measurements associated with a 
conventional j e t  or  ion engine. The complication arises because of a second 
component of force due t o  t h e  H a l l  deflection of the  plasma beam. 
normal operation of the s x %  engine the  E f i e l d  arc  discharges i n  a ve r t i ca l  
direction, while the B f i e l d  i s  horizontal and perpendicular t o  the  E f ie ld .  
The result ing H a l l  deflection l i e s  i n  the ve r t i ca l  plane. As a resu l t  of the 
beam deflection there are two components of thrust ,  one i n  the  direction 
perpendicular t o  the  E and B fields,  and one para l le l  t o  the  E f ie ld ,  
magnitude of the ver t ica l  component of thrust  is  small compared t o  the weight 
of the engine itself and it i s  d i f f i cu l t  t o  measure t h i s  component with sens i t iv i ty  

In  the 

The 
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Figure  12. The Vacuum Chamber and Pumping System 
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and accuracy, 
mounted on a thrus t  stand such that  the  E f ie ld  arcs discharge i n  a horizontal 
plane. If we consider a right-handed coordinate system with the  2 axis lying 
along the  axis of t he  vacuum tank, t he  plasma w i l l  enter t he  f ie ld  region 
along the  2 axis, the magnetic f ie ld  B w i l l  be oriented along the  X axis, and 
the  arc  electrodes w i l l  l i e  i n  the YZ plane. 
horizontal plane and the XZ plane the  ve r t i ca l  plane. 
fields off t h e  plasma beam moves along the  posit ive Z axis. Operation i n  
t h i s  configuration reduces the  problem t o  one of measuring a transverse and 
longitudinal force, both i n  a horizontal plane, without one of them being 
overpowered by the  w e i g h t  of the engine assembly. 
measurement problem but these perpendicular forces must be measured without 
crossfeed between the force gauges and without complications due t o  rotat ion 
of t he  engine. 
as shown i n  Figure 14 is ut i l ized.  The Cardan hinge is  a t h i n  flexure which 
ac t s  as an essent ia l ly  f r ic t ionless  bearing. 
i s  calculated t o  not only support the weight of t he  engine but t o  assist the  
force gauge i n  providing a restoring and righting force. 
then ac ts  as though it were an inverted pendulum. 
the  two force components is provided by using two sets of C a r d a n  hinges. 
set of hinges is mounted parallel t o  the XZ plane and fixed between the  engine 
at  the  top and a movable platform at the  bottom. 
the platform and bearing against the magnet measures the  thrus t  i n  the Y d i rec t -  
ion. 
mounted at the top. 
hinges lying i n  the  XY plane and are fastened t o  the  base p la te  inside the  
vacuum tank. 
against the movable platform. 
This arrangement allows complete freedom of motion of the engine i n  a horizontal 
plane, prevents crossfeed of force data between the  two gauges and prevents 
rotat ion of the  engine assembly. 

To measure both components of th rus t  with accuracy the  engine i s  

The YZ plane defines the  
With the  E and B 

This technique simplifies t he  

To eliminate crossfeed and rotation, a Cardan hinge dynamometer 

The thickness of the flexure 

The dynamometer 
The means for  separating 

One 

The force gauge mounted on 

Also mounted t o  this  platform are columns with cantilever supports 
These cantilevers connect t o  a second pair  of Cardan 

The second force gauge i s  mounted on the  base p la te  and bears 
This gauge measures thrus t  i n  the  2 direction. 

Since the  dynamometer is  quite sensit ive it is necessary 
t o  provide some means of preventing measurement interference caused by cooling 
water and e l ec t r i ca l  power connections. Since the magnetic force on a current 
loop i s  always such as t o  expand the current carrying c i rcu i t ,  t he  leads 
carrying current t o  the electrodes w i l l  tend t o  s t i f f e n  and t h i s  force w i l l  be 
indicated by the  dynamometer. 
pots are used for  e l ec t r i ca l  connections. 
are sol id  rods, the  ends of which are immersed i n  pots of mercury which complete 
the circui t .  
prevents transmission of any extraneous forces from the  e l ec t r i ca l  leads t o  the 
dynamometer. 

To prevent th i s  t ransmit ta l  of force mercury 
The leads from the  engine assembly 

This technique removes r e s t r a in t s  on the  engine movement and 

A dynamic balancing principle is used t o  prevent forces or 
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res t ra in ts  due t o  cooling water pressure from being transmitted t o  the 
dynamometer. 
so as t o  balance input and output pressure on both sides. 
system is  presented i n  Appendix 11. 

The water leads are f lexible  t o  prevent res t ra in ts  and are routed 
An analysis of the 

2. Calibration of the Dynamometer 

To calibrate the dynamometer, an equal-arm right-angle 
balance was constructed as shown in Figure 15. 
supported on a four inch horizontal a r m .  
weights may be successively removed from, or replaced on the arm, thus giving 
thrust  increments of 400, 300, 200, and 100 grams t o  the magnet. 
is  transmitted t o  the magnet through a ver t ica l  arm having an adjustable screw 
member which bears upon the movable carriage of the dynamometer. 
calibrate the dynamometer i n  the longitudinal direction. 
is  used t o  calibrate i n  the transverse direction. 
a horizontal displacement of approximately 0.00065 inches which is  translated 
by a "Statham", unbonded s t r a in  gauge (32 ounce maximum, 0.0015 inch 
displacement) as an e lec t r ica l  signal, t o  a recording oscillograph. This 
calibration may be performed i n  vacum before and af'ter engine operation. 
addition, a solenoid has been installed, the armature of which bears on the 
movable carriage of the dynamometer when the solenoid is activated. 
adjusting the current i n  the solenoid a calibrated deflection can be given 
t o  check the operation of the system while under vacuum. 

Four 100 gram weights were 
By means of a pulley system, the 

The force 

This serves t o  
A similar arrangement 

The kC0 gram w e i g h t  produces 

In 

By 
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E. INS-ATION 

1. Instrumentation Organization 

Data instrumentation is classif ied under the following 
headings: 
recorded by camera; and (3) data that  is recorded by an oscillograph 
(Figurel6) . 

(1) data that is  monitored only; (2) data that is monitored and 

Information classified as "monitored only" deals with water 
pressures and flows and other items, tha t  once se t ,  do not change during 
operation. 
panel. 

These instruments are l o c a t d  on a separate panel above the control ---. 

Information classified as "monitored and recorded by camera" 
deals with variables in  the system pertaining t o  engine operation. These 
instruments are  located on a separate panel a l s o  above the control panel. 
A running time clock is located on t h i s  panel so that all information can be 
time-correlated, 
t h i s  panel at any t i m e  during operation. 
t o  come between the camera and th i s  instrumentation panel during operation of 
the system. 

A moving picture camera can be controlled t o  take pictures of 
It is not necessary for the  operator 

. Information classified as "recorded by oscillograph" deals with 
Power t o t h e  B f i e l d  and E f i e l d  are  recorded along w i t h  the engine thrust  data. 

transverse and longitudinal thrust of the engine. 
correlated with all other events of the system by signals from the same clock 
tha t  is located on the "recorded by camera" panel. 

These signals are  time- 

The vacuum instrumentation panel is provided with: (1) a 
0 - 800 mm Hg manometer installed t o  read the supersonic mixing chamber 
pressure; (2) a o - 50 mm ~g manometer i n s t a l l e d  t o  read nozzle ex i t  pressure; 
(3) a three s ta t ion 0 - lo00 Hg thermocouple gauge reading environmental 
chamber, diffusion pump inlet and backing-roughing l i n e  pressures; and (4) a 
0 - X, m Hg thermocouple gauge i n s t a l l e d  t o  read pressure inside the engine. 
I f  t h i s  environment i s  too severe fo r  a T. C. gauge the pressure can be read on 
the 0 - 50 mm Hg manometer with the addition of appropriate valving. 
gauges are i n  addition t o  the 0 - 20 mm Hg gauge used t o  control the closing 
of the 16 inch valve in  the event of a high pressure excursion. 

These 

The cooling water system consists of two separate 
sections. 
and the E f i e ld  electrodes. A second heat exchanger using zeol i te  softened 
ta? water is  used t o  cool the vacuum pumps, the  d i s t i l l e d  water heat exchanger, 
the vacuum tank cooling coi ls  and baff les  and all non-electrical components 
of the engine assembly and dynamometer. 

A d i s t i l l e d  water heat exchanger is used t o  cool the plasma Je t  
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2. Control Panel 

The control panel (Figure 17) i s  designed t o  allow the  
operator t o  eas i ly  reach a l l  controls. 
divisions as shown i n  the  control panel i l lustrat ion.  
is drawn on the control panels of each major portion of the system. 
p i lo t  lights and control switches are located i n  the correct positions on 
those diagrams t o  increase ease of operation. 

It is  divided into seven major 
A schematic diagram 

The 

The w a r n i n g  panel has seven l i gh t s  and a bell  that indicate 
"unsafe t o  operate" conditions. 
interlocking switches and relays w i l l  prevent the system from being operated. 
In  addition, interlocking switches and relays i n  almost all cases prevent the 
operation of controls out of proper sequence. 

If any one or more of these lights are on, 

Figure 18 is a photograph of the  controls and instrumentation 
console. 
contains the  recording oscillograph; below it is the  control panel fo r  
operating the dis t i l led and sof t  water pumps. 
vacuum control panel controlling the mechanical, diffusion pump and the 
vacuum instrumentation. 
l i gh t s  indicating lack of water pressure or f low,  high tank pressure, and 
other circumstances, deleterious t o  the running of the tests. 
warning panel, are the buttons and controls t o  provide gas f l o w  and r.f. t o  
the plasma jet t o  properly center the plasma je t  electrodes. 
contains the control Variac for the magnet power supply. 
r ight is the arc  gas handling and metering panel and the control panel for  the 
E f i e l d  electrodes. 
instrumentation read aut , the cooling water f law,  the  A T(inlet  and out le t  
3emperature difference) panel as well as the controls fo r  the plasma head. 
The last panel contains the voltmeters and ammeters fo r  the plasma head, the  
E f i e l d  arcs, and the magnet and the microammeters monitoring the thrust  
i n  both the transverse and longitudinal directions. 
photograph is  a motion picture camera regulated fo r  continuous or single 
frame operation, focused t o  photograph the last three panels on the right 
fer continuous or semi-automatic data recording. 

Start ing from the left-hand side of the  picture the first panel 

N e x t ,  t o  the  right, is  the 

The third panel from the l e f t  contains the warning 

Below the 

This panel also 
The next panel t o  the 

The next panel t o  the r ight  contains the vacuum 

Not shown on the 

3. Flow Meter 

The method t o  be used t o  measure the  flow rate of the 
cooling watei- is  i l lus t ra ted  i n  Figure 19. 
a,t a temperature T1 passes a heater H, which i s  energized by the source S, 
and emerges with a higher temperature T2. 

The water entering the meter 

If the specific heat is constant 
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Figure  18. Controls and Instrumentation Console 
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F i g u r e  19. Schematic of T h e r m i s t o r  F low M e t e r  
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which f o r  water is approximatelytrue, the flow ra t e  F can be determined from 

pc F =  
CP(T2 - T1) 

where P is the e lec t r ic  parer required for the heater, C is the mechanic- 
caloric equivalent, and C the specific heat of the water. 

P 

The temperature difference T, - T, is  measured by determining 
the difference i n  resistance of 
The difference i n  resistance of 
connecting them i n  two adjacent 
wnen the thermistors are at the 
T i  - T2 is then calculated from 
the bridge i s  unbalanced due t o  
tnermistor. 

two thermistorcelem&ts placed i n  the flow. 
the two thermistors is determined by 
arms of a Wheatstone bridge which is  balanced 
same temperature. The temperature difference 
the microammeter reading i n  the bridge when 
the change i n  resistance of the downstream 

The thermistors used i n  these meters were Fenwal GI3 32 J 1. 
The thermistor resistance as a function of temperature is  shown i n  Figure 20. 
A t  X)'C - = -95a/'C and at 3O'C 2 = -640/'C. 
resistances of the thermistors at temperatures TI and T2, then the current 
through the microammeter i s  

dR dR 
dT 1 If R ami R2 are  the 

- -  - 

lb = R4R1(R2+R3) + R 8 3  ( R 1 +R 4) + Rg(R2+R3)(R1+R4j 

where R is  the meter resistance, and R and R are as shown on Figure 19. g 3 4 - 

A t  30' the  resistance R1 C 1645 ohms. 

g 
temperature R2 * 1651 ohms. 
v o l t s  

With R = 0 and R 3 = R 4 =  

5- 1 p a m P .  

For a 0.1-C r i s e  i n  

6000 ohms, and V = 6 

In  the actual meters, a portion of the cooling water 
flow was bypassed through a stainless s t e e l  heating coi l .  Figure 21 shows 
the meter calibration curve obtained with heater parers of 1.14, 2.08, and 
3.20 watts, with R3 = R4 = 6000 ohms, and for 1.14 watts with R3 = R4 = 4000 ohms. 
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Figure 22 shows a par t ia l ly  assembled engine without the plasma 
jet and Kith only one set of cathodes. 
housing and the  luc i t e  mercury cups. 
manifolds. The electrodes are without the boron n i t r ide  sheaths and the 
magnet pole faces are  w i t h o u t  the quartz protective faces. 
the completely assembled engine mounted on the dynamometer which i n  turn is  
mounted on the base plate of the removable tray. 
immersed i n  the mercury pots and the electrodes are sheathed i n  boron n i t r ide  
protective sheaths. 
C a r d a n  hinges. 
Calibration. 

The photograph shows the electrode 
The brackets shown hold water-cooling 

Figure 23 depicts 

The electrode leads are 

The figure shows both the longitudinal and transverse 
The apparatus in the lef t  forward corner is for  thrust  

Figure 24 is  a view looking upstream toward the plasma jet i d  
supersonic nozzle. 
faces are spaced with magnesium oxide spacers. 
electrodes sham =e sheathed t o  within 1 inch of the t i p  with boron ni t r ide,  
The electrodes are spaced successively 7/8, 1, and 1-1/8 inches a@. 
The spacing along the channel is 1-1/2 inches on the centers of each electrode. 

The qyartz plates protecting the upper and lower magnet 
The three pairs of tungsten 
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Figure  22. Par t ia l ly  assembled  engine 
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Figure  24. Crosscd  f ic ld  rczion of t h c  accc l cTa to r  

Anodes  at r i g h t  
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1x1. ENGINE PERFORMANCE 

A. HIGH GAS FLOW EXPERIMENTS 

The Thermal Dynamics model U-50 plasma jet with Thermal 
Dynamic's laminar flow nozzle (Section 11, B 3) was operated in air with- 
out the mixing chamber and deLaval nozzle with argon at flow rates from 
0.1 - 0.5 gm/sec with a mixture of helium at flow rates ranging from 
0 to 0.7 standard cubic feet per minute, Over these ranges of operating 
conditions the voltage and current characteristics of the plasma jet re- 
mained essentially the same as they were for the argon flow only. That 
is, the additional amount of helium added to the flow had very little 
effect on the operating characteristics of the plasma jet within the 
ranges stated. A similar experiment was performed with the plasma jet 
mounted to the engine in the vacuum chamber. As stated in Section 11, B 33 
it was not possible to operate the plasma jet at argon flow rates below 
0.5 gm/sec, but above this f l o w  rate the additional helium had very little 
effect on the voltage-current characteristics of the jet. No argon-helium 
mixtures were used with the cross fields operating. 

Initial experiments were performed with the tungsten elec- 
trodes with magnetic flux shields mounted on the anodes only. It was 
found that stable arc operation could be obtained both with and without 
the magnetic field operating but that the downstream edges of the f lux  
shields were quickly eroded, This caused a rapid burn-through of the 
cooling coils mounted around the flux shields with resultant water leaks. 
I n  any case, the soft iron shields were heated above the Curie point and 
no longer served their purpose as magnetic flux shields. No meaningful 
thrust measurements were obtained during the series of experiments other 
than those associated with the plasma jet operating only. At a flow rate 
of 0.8 gm/sec the longitudinal thrust was of the order of 70 grams with 
the plasma jet operating at approximately 9 KW (300 amps, 30 volts). 

A second series of experiments was performed using a 
single electrode pair only mounted in the No. 2 position with reference 
to Figure 25. In these experiments the cathode consisted of a single 
tungsten electrode as previously described while the anode, as shown in 
Figure 5 ,  was fabricated of copper with a water-cooled portion extending 
approximately 1-1/4 inches downstream and tapering at an angle of 20 de- 
grees from the axis of the accelerator. The plasma jet in these tests wae 
operated at approximately 9 Kw with 0.8 gm/eee argon, The a r c  operated at 
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150 amps and at a voltage ranging from approximately 132 - 200 volts  depending 
on the  magnetic f ield strength applied. A t  a magnetic f ield strength of 
approximately lo00 gauss there was a Hall deflection of the jet of 
approximately 20 degrees with a 5 - 10 degree dowarard deflection on the 
cathode side. 
with no defini te  point of attachment on the  cathode. 
above that generated by the plasma j e t  only; neither with the arc operating 
alone nor with the arc operating in  magnetic f ie lds  ranging from 0 - 2OOO 
gauss . 

The arc  appeared t o  s t r ike  on the damstream side of the anode 
N o  thrust  was recorded 

In a t h i r d  ser ies  of experiments a single pair of electrodes was 
placed i n  a staggered position with the cathode being i n  the number two 
position, with reference t o  Figure 25, and the anode being mounted i n  the 
number one position, nesrest the plasma jet end o f t h e  engine. The anode 
i n  t h i s  case had a tungsten t i p  as previously described and both the anode 
and cathode were sheathed i n  quartz t o  within approximately 3/4 inch of the  
tapered end. 
center, and the lateral spacing was approximately 7/8 inch. The plasma j e t  
was operated with argon a t  26 volts and 300 amps with the  flow rate of 0.8 
gm/sec. 
2.5 tor r .  Arc operation was very stable up t o  f i e l d  strengths of 2ooo gauss. 
"he following Table I shuws the voltage characterist ics of the  arc  fo r  
various magnetic f ie ld  strengths. 

The longitudinal spacing of the  electrodes was 1-1/2 inches on 

The pressure i n  the  main vacuum chamber throughout the run was 

TABLE I 

Chamber Pressure - 2.5 t o r r  
Plasma Jet :  
G a s  Flow Rate: 

Current - 300 amps, Voltage - 26 volts  
0.8 gm/sec argon 

B 
(gauss1 

0 
4-00 
800 
960 

1120 
1280 
1600 

A t  the  high f i e l d  strengths, arcing was observed from the cooling 
plates on the top and bottom of the magnet coils. 
observed in  these experiments but a damward deflection on the cathode side 
of approximately 5 - 10 degrees was observed at f i e lds  of approximately 2000 

No H a l l  deflection was 
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With the plasma j e t  operating alone it was observed that the t a i l  
flame, which normally extends approximately 1 foot beyond the engine assembly 
(at a f l o w  rate of 0.8 gm/sec and an operating power of 9 KW) was contracted 
toward the magnet assembly and t h a t  the jet took on a bushy appearance when 
magnetic f i e ld  was increasedto several kilogauss. 

gauss. 
the  electrodes showed that the anode was in exceptionally good condition and 
t h a t  minor erosion had occurred along the upper portion of the cathode. 
the electrodes are operated i n  a horizontal position "upper" i s  used i n  a 
gravitational sense. 
from the output of the longitudinal transducer on the thrust  stand are as 
f o l l a r s  : 

Typicsl runs las ted for periods up t o  10 minutes. Later inspection of 

Since 

The longitudinal thrust  data for  t h i s  run as interpreted 

70 grams - plasma jet only at 26 volts  300 amps 0.8 gm/sec argon 
$30 grams - arcs operating 30 volts,  150 amps 

150 grams - arcs operating 50 volts,  150 amps, B- 600 gauss 

This corresponds t o  a specific impulse of 188 sec and an overall  power 
efficiency of about 9. 

During all runs described abuve, the  pole faces were covered with 
quartz plates. Otherwise the crossed f i e l d  region was open. 

In view of the limited amount of thrust observed, a number of 
checks of the assembly were made t o  see if  the low thrust readings were caused 
by interactions between the current i n  the plasma j e t  and a.rc leads and the  
magnetic field.  
a negative thrust  generated with the plasma jet and crossed f i e l d  arcs 
inoperative. This negative deflection did not become serious u n t i l  magnetic 
f i e lds  of the order of 3000 gauss were reached. Since the experiments used 
f i e lds  only up t o  2OOO gauss t h i s  e f fec t  was not believed t o  be influencing 
the thrust  measurements. 
cathode were shorted by a bus bar and equivalent currents were passed through 
the system. 
increased a s l ight  negative interaction was observed. 
fields up t o  2OOO gauss. 

With the magnetic field ranging from 0 - 10,OOO gauss there was  

To seek current interaction effects,  the anode and 

No interaction w a s  observed at zero magnetic f i e l d  and as the  f ield 
It was not serious at 

In another ser ies  of thrust  plate experiments a t r ans i t e  plate  
was  mounted approximately 1 foot i n  front of the engine. 
swiveled at the lower edge and a t h r u s t  transducer w a s  placed behind the plate. 
Although t h i s  system was not calibrated it gave a very sensit ive indication of 
j e t  impingement. 
0.5 - 2 gm/sec. 

This plate  was 

Thrust was observed with cold gas flows ranging from 
With the plasma jet operating at approximately 9 KW 
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at 0.5 gm/sec of argon a hot spot was observed on the  plate. 
had a diameter of approximately 3/4 inch. When the magnetic f i e l d  was 
applied, the spot faded and at f ie lds  of the order of lo00 gauss there was no 
visual  evidence of localized heating. The magnetic field had acted t o  disperse 
the jet  Qver a wide area of the plate. 
j e t  operating i n  zero magnetic f i e ld  decreased with increasing field intensity. 
This indicated that the existing j e t  was being widely dispersed at the ex i t  
of the  engine. 

This hot spot 

The thrust  level recorded with the plasma 

The table below shows the  operating conditions for  a typical  10 - 15 
minute run, with cathode i n  No. 2 and No. 3 positions and the corresponding 
anodes i n  No, 1 and No, 2 position. 

TABLE I1 

Chamber Pressure = 2.5 t o r r  
Arc Current Maintained at 150 amps 

Plasma Jet Magnetic Field Mass Flow Rate 
of Argon Voltage Current 
(m/sec) (volts ) (amps) (gauss) 

0.8 

0.6 26 

0 
320 
480 
640 
800 
1200 
1600 ,. 
3g 
480 
640 
800 
1200 
1600 

Arc 
Voltage 
(volts)  

These tests have sham t ha t  arc  operation can be obtained i n  a 
stable manner i n  magnetic f ie lds  of up t o  2000 gauss f o r  at l ea s t  15 minute 
periods. Staggering of the electrodes appeared t o  eliminate the H a l l  deflection 
of the beam but a def ini te  downward deflection of the beam was observed. 
This damward deflection was probably caused by the fac t  that the plasma was not 
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symmetrical about the longitudinal axis of the accelerator and consequently 
deflection occurred in  the fringing magnetic field. 

B. IDW GAS FLCKJ EXPERIMEBTS 

1. Plasma Jet Performance 

To operate the engine at argon flow rates  below 0.5 gm/sec 
a special  anode-nozzle, Figure 7, w a s  designed. The copper nozzle had a throa t  
diameter of 0.080 inch and diverged at a t o t a l  angle of 2%. t o  an exit diameter 
of 0.500 inch. 
geometrical boundary of the poles of the magnet. 

The ex i t  plane o f t h e  nozzle was 1.875 inches from the 

To measure thrust, the dynamometer was locked i n  a fixed 
position, and a thrust  transducer was mounted behind a quartz deflection 
plate. The 
transducer was immersed in vacuum pump o i l  so as t o  cause it t o  be insensitive 
t o  changes i n  pressure i n  the t e s t  chamber. 

The plasma jet  beam was allowed t o  impinge upon t h i s  plate. 

Figure r6 shows the velocity of the  jet as a f'unction of the 
arc j e t  current at constant arc  jet  voltage for  r i ~  = 0.25 gm/sec argon. Also 
shown are the veloci t ies  fo r  flow ra tes  of 0.08, 0.13, 0.17, and 0.21 gm/sec 
at 300 amps. These velocit ies are obtained from . 

F1 = w 

where F1 is  the measured thrust  and 
neglects the factor of 

the argon flow rate. This equation 

F 2 = A A P  

where A P is  the difference i n  pressure between the end of the nozzle and 
the chamber, and A is  the area of the ex i t  of the  nozzle. 
varied from 600,44with & = 0.3 gm/sec t o  250,uwith 6 = 0.1 gm/sec. If the  
pressure a t  the ex i t  of the nozzle were 1.5 ma Hg, the  r a t i o  F*/F1 G+ 0.1, 
i.e. a ten percent addition t o  the reactive term would be required. 

The chamber pressure 

2. Argon-Helium Mixtures 

Stable operation with t h i s  anode-nozzle could be obtained 

Table I11 shows the variation 
with argon flow rates d m  t o  0.04 gm/sec of argon at a r c  currents from 
150 - 900 amperes at approximately 17 volts.  
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Variation of Plasma Jet Velocity a s  a Function of 

Arc Current 

0 - rh = 0.25  g m l s e c  Argon 

V = arc  voltage - 17 volts 

/ chamber pressure 600 Cr 

0 

/ 
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i n  a rc  voltage as a f’mction of helium flow rate for  a mixture of helium and 
argon. 
operating arc  voltage of the  mixture of He  and A appea-rs t o  depend only s l igh t ly  
on the  helium flow rate. 
there  is  only a 3 vol t  (or 1%) change i n  the &rc voltage as the helium f l n r  
rate is  increased from 0 t o  755 of the  t o t a l  gas f l o w  by volume (or from 0 
t o  24$ of the t o t a l  flow by mass). 

Over the range from approximately 0.05 gm/sec t o  0.3 gm/sec of argon, the  

With an argon f l o w  rate of 0.1 SCFM (0.08 gm/sec) 

TABU I11 
Argon-Helium Mixt;ures 

( k c  Current Constant at 100 Amperes) 

He Chamber 
$ ~ r c  Voltage Pressure 

microns hg 
Total A He A H 
SCFM s m  SCFM gm/ sec gm/ sec Volume Volume vol ts  

0.1 0.1 
0.2 0.1 

0.4 0.1 
0.2 0.2 

0.4 0.2 

0.3 0.1 

0.3 0.2 

0.5 0.2 
0.6 0.2 

const ant arc 

0.0 
0.1 
0.2 
0.3 
0.0 
0.1 
0.2 
0.3 
0.4 

0.08 
0.08 
0.08 
0.08 
0.16 
0.16 
0.16 
0.16 
0.16 

0.0 
0.008 
0.016 
0.024 
0.0 
0.008 
0.016 
0.024 
0.032 

100 
50 
33 
25 
100 
67 
50 
40 
33 

0 
50 
67 
75 
0 
33 
50 
60 
67 

16.0 
17.5 
18.0 
19.0 
17.0 
18.0 
19.5 
20.0 
20.5 

350 
600 
900 
1300 
550 
850 
1250 
1600 
2Ooo 

3. Crossed Field Experiments 

Figure 27 shows the arc  voltage required t o  maintain a 
current i n  the crossed f i e ld  region as a f’unction of magnetic f ie ld  

strength. 
and i s  not as would be expected if the current density varied according t o  

The relationship appears t o  be l inear,  at least up t o  400 gauss, 

as shown in  Appendix I. 
staggered 1-1/2 inches on centers with the  cathodes i n  positions number 2 and 
3 and the corresponding anodes i n  positions number 1 and number 2. 
electrode lateral separation was 1-1/4 inches and both anodes and cathodes 
were sheathed with boron n i t r ide  t o  within 3/4 inches of the t i p s .  
shown i n  Table IV i s  representative of the performance of the accelerator 
section using these two pairs  of staggered electrodes. 

The data was obtained using two pairs of electrodes 

The 

The data 

The thrus t  r a t i o  refers 
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t o  the  thrust  produced with the plasma, j e t  and arcs operating a t  a certain 
magnetic field as compared t o  the thrust  produced at zero magnetic f ie ld .  
Thrust wa8 measured by allowing the beam t o  impinge upon a previously 
calibrated quartz deflection plate. 
f ract ion of t he  beam which struck the plate  was not knm. Figure 28 shows 
a recorder tracing of thrust data obtained i n  a typical  run. The thrust  
decreased when the  arcs were turned on, increased as the  magnetic f ield was 
increased, and f'urther increasedwhen the  magnetic f i e l d  was decreased from 
1143 gauss t o  zero. 

Only ra t ios  are shown since the  exact 

The reason f o r t h i s  anomalous increase is not understood, 
but it is not due t o  magnetic effects in the  thrust  transducer itself. 
believed that the  back EMF induced i n  the  arc c i rcu i t s  due t o  the f a i r l y  
rapidly decreasing magnetic f ie ld  caused a large arc current surge, and 
consequently increased thrust .  N l  investigation of t h i s  effect  has not been 
completed by the  end of the present program. Figures 29a and 29b show the 
patterns obtained on the top  and bottom quartz plates  which protect the magnet 
pole faces, after about 30 minutes of operation. 
severely eroded and anode a.rc attachment on the damstream anode, at least f o r  
one run, occurred on the  copper portion of the electrode. 

It is 

The anode insulators were 

TABLE IV 

PERFORMANCE OF ACCELEXUTOR USING TWO PAIRS OF STAGGERED EIXCTRODES 

Argon Flow Rate 
Plasma Je t  Voltage 
Plasma Je t  Current 
Plasma J e t  Puuer 
Upstream Electrode Current 
Downstream Electrode Current 

0.25 grams/second 

300 amperes 

100 amperes 
90 amperes 

18 vol ts  

5.4 Kw 

Magnetic Intensi ty  Thrust Ratio Total Arc Total Power 
B (gauss) R Power, P* (Kw) p* (m) 

0 
rT5 
430 
875 

1143 

1 .a 
1.5 
2.8 
4.5 
6.0 
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A B C D 

V = 18 Volts 
P 

Arc Current - 100 amperes 
(in each electrode pair) 

A-B plasma jet only 
B-C arcs on 
C-D magnetic field increased 
D-E magnetic field decreased 
E-F arc on 
F-G plasma jet only 

a = 275 gauss 
b = 430 gauss 
c = 875 gauss 
d = 1143 gauss 

- 

E F C 

Figure 28. Recorder Tracing of Thrust Data 
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Figure  29. a. Photograph of Quartz  Plate  - Upper Plates 
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Figure  29.b.Photograph of Quar tz  Plate  - Lower Plates 
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The electrode was covered with teflon but the tef lon was quickly burnt away 
when arc attachment occurred. 
the  arcs are driven a considerable distance downstream and t h a t  the j e t  was 
deflected s l igh t ly  toward the cathodes. 

The copper patterns on the plates indicate that 

The experiments described above have shown tha t  electrode 
insulator erosion is extremely severe par t icular ly  when the electrodes are 
introduced perpendicular t o  the i n i t i a l  plasma flow direction. 
external magnetic f i e ld  there i s  a force due t o  the self-magnetic f i e l d  of 
an e l ec t r i c  arc  which tends t o  expand the arc. 
tungsten t i p s  extending 1-1/4 inches back from the ends of the electrode. 
A t  high arc currents, the  a r c  tended t o  attach at the  anode on the copper 
portion above the tungsten t i p  because of the greater e l ec t r i ca l  conductivity 
of the copper. 
eff ic ient ,  and vaporization of the copper occurred, the jet contained a high 
percentage of copper contamination. 

With zero 

The electrodes used had 

Since the water-cooling i n  t h i s  region was not par t icular ly  

The blowing effect of the  pa r t i a l ly  ionized gas stream from 
the plasma j e t ,  i n  combination with the magnetic force tended t o  force arc  
attachment t o  the dawnstream side of the anodes. 
applied, the arcs tended t o  expand toward regions of dgereased field strength. 
In  the case of the  anodes, the attachment region w a s  forced along the electrode 
on the downstream side and a l l  insulators used were eroded well into the fringe 
region of the magnetic f ie ld .  

When a magnetic f i e l d  was 

As a resul t  of these observations it appeared that the 
insulator erosion problem could be alleviated by introducing the electrodes 
para l le l  t o  the i n i t i a l  plasma stream direction, with the electrode t i p s  lying 
jus t  inside the fringing magnetic f ie ld .  
electrodes used i n  an experiment t o  test t h i s  hypothesis. 
was directed into the  plane of the diagram, and argon gas at 300' K, with no 
preionization, was  introduced paral le l  t o  the electrodes through a 1/8 inch 
diameter s ta inless  s t e e l  tube at a flow ra te  of approximately 0.2 gm/sec. 
The electrode t i p s  were one inch out from the  center l i n e  of the magnet. 

Figure 30 shows the arrangement of the 
The magnetic f ield 

With zero magnetic f ie ld ,  the arc  ran at 45 vol ts  with 
currents from 60 t o  100 amperes. Runs were made with magnetic f ie lds  ranging 
up t o  lo00 gauss with the a rc  operating at  t h i s  f i e l d  value at 200 volts  and 
200 amperes. The runs lasted for periods of several minutes. 
w a s  good although there was some melting of the quartz insulator i n  the region 
around the point A, on the side of the electrode. Anode attachment occurred i n  
the region around B where the tungsten t i p  joined the copper shaf't, but did not 
proceed past t h i s  point. 
rragnet w a s  pa r t i a l ly  eroded through i n  the region around C under the cathode, 

Cathode attachment 

The trmsite plate  on the bottom pole face of the 
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and there was some erosion on the bottom plate  i n  front of the anode. 
upper t r ans i t e  plate  was not damaged although the polyethylene insulating plates 
showed signs of extreme heating. The arc pattern on the t r ans i t e  plates was 
unsymmetrical, being displaced toward the cathode side. 

The 

In  another series of experiments a copper tipped anode, s i m i l a r  
With an argon f l o w  rate of approximately 0.1 t o  t ha t  sham i n  Figure 5 was used. 

gm/sec stable arc operation could be obtained fo r  magnetic fields up t o  2850 
gauss. 
200 volts.  
operation but the  cathode remained relat ively unaffected except f o r  the extreme 
t i p  region which showed that the tungsten had melted at t h i s  point. 
resu l t s  indicate the  direction of f'urther work i n  crossed f i e l d  accelerator 
investigations. 

A t  t h i s  point the arc current was 240 amperes and the arc voltage was 
The anode showed some signs of surface melting a f t e r  f ive minutes of 

These 
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I V  DIAGNOSTICS 

Three techniques were used ,n an attempt t o  determine the electron 
density, electron temperature, and electron col l is ion frequency i n  the  plasma 
issuing from the  arc  jet .  Langmuir probe measurements made at the  center of the 
magnet gap w i t h  an argon flow r a t e  of 0.2 gm/sec, and with the  plasma j e t  operat- 
ing at 300 amperes at 17 volts,  gave an electron temperature Te of approximately 
5,000" K. 

Attempts were made t o  compare t h i s  measurement with tha t  obtained 
by optical. methods u t i l i z ing  a recording monochrometer. 
possible t o  obtain a reproducible s e t  of values for  the in tens i t ies  of the  l i nes  
being observed. 
l i nes  were superimposed on a background of tungsten l ines ,  thus making intensi ty  
measurements ambiguous. 
present i n  the flow and it appears t ha t  t he  helium has an adverse e f fec t  upon 
the  tungsten cathode of the plasma je t  as far as sputtering of cathode material 
i s  concerned. 

However, it w a s  not 

When helium was introduced in to  the  argon flow, the  helium 

The tungsten l i nes  only appeared when helium was 

The most successful observations were made with the  MHD Research, Inc. 

The microwave horns were centered between the magnet gap at the 
Model MDD-1-35PD microwave interferometer having an operating frequency of 
35 Gc/s, 
number 2 electrode position with an effective interaction path length of 4 cm 
between the  microwave signal and the plasma. 
provides a measurement of electron density by measurement of the phase change 
between two microwave paths. 
contains the  p l a s w  sample t o  be studied. If attenuation of the microwave signal 
across the sample path i s  kept small, the  phase s h i f t  per uni t  length is d i rec t ly  
proportional t o  the  electron density. If  attenua$ion of t he  signal is  present, 
measurement of the  phase s h i f t  and attenuation per uni t  length must be made 
unless estimates of the electron col l is ion frequency are available. In  the  
experiments t ha t  were conducted,the power levels  were fixed and an arb i t ra ry  
phase angle set before the  plasma was allowed t o  stream across the sample path. 
The change i n  phase per uni t  path length through the  sample and the attenuation 
per uni t  path may be expressed as 

The microwave interferometer 

One path serves as a reference path and the other 
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where 

A@ - phase shift  i n  radians 
Z - sample path length i n  meters 
0 - angular signal frequency 
B - signa3 attenuation i n  nepers 

m - electron mass i n  k g m  
c - velocity of l igh t  i n  meters/sec 

ne - electron density (meters)-3 

- dielectr ic  constant of f ree  space 
u, - angular collision frequency of the electrons 

(= 2 77 u c >  
v c  - electron coll ision frequency 

With the  plasma jet operating at 300 amperes at  17 vol ts  with 
an argon flow rate of 0.2 grams per second, the phase sh i f t  w a s  20Oo and the  
attenuation 16 db or 1.84 nepers. Thus , for  a 4 cm sample path, 

ne= 1.2  x cm-3 

the  chamber pressure duTing these experiments was  600 microns Hg. 

The electron temperature as obtained from the Langmuir probe 
measurements can be used i n  combination with the Saha equation t o  determine ne, 
assuming singly ionized species only, since 

where 

nA+- concentration of singly ionized argon 
nA - concentration of neutral  argon 

gAJg2 - ground-state degeneracies of the atoms and ions 
h - Planck's constant 
k - Boltzmann's constant 

VA- first ionization potential  of argon 
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+ For argon gA = 1, gA = 6 and using Te = 5000°K with the 

assumption the ne = 

2 6 ne = 1.4 x 10 - 
n A  

By placing a tungsten wedge i n  the flow at the position at which the 
microwave measurements were made it was estimated tha t  the gas 
approximately 3000° K, and tha t  the Mach number of the flow w a s  approximately 
2.5 as determined from the  angle of shock wave on the wedge. 
density nA 
electron density n e of 5.3 x 10l1 cm-3. This value of n e is  consistent with 
tha t  obtained with the microwave data. 

temperature was 

Thus, the  neutral 
i s  estimated t o  be of the  order of 2 x 1017 cm '3, which gives an 

"he conductivity of the plasma may be found by using 6 as given 
0 i n  Appendix I. 

where 
1 t = -  

e *c 

Thus, with Wc as above, and n e = 1.2 x d2 
c0 = 1.8 mho/m. 

T h i s  conductivity is  very low and would not aid appreciably i n  

This behavior has been verified experimentally by 
arc-breakdown conditions. As fa.r as the arcs are concerned, a cold gas 
stream could be used. 
removing the plasma j e t  power while maintaining the same gas flow rate .  Under 
these conditions the operating voltages and currents of the  crossed f i e ld  arcs 
remain essent ia l ly  unchanged. 
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V CONCLUSIONS 

Under the present program a crossed f i e l d  plasma accelerator system 
has been constructed, and data from approximately 20 hours of operation have 
been recorded. By using a specially designed l o w  flow anode it has been possible 
t o  operate the plasma je t  at argon flow rates as l o w  as 0.04 gm/sec in to  a vacuum 
of less than 100 microns Hg, at parer levels up t o  20 KW. The efficiency of 
operation, however, is  not known since the anode w a s  not equipped t o  provide 
heat transfer data. Of a l l  the system components, the plasma jet has caused the  
least diff icul ty  and i n  the present state is  capable of operating for  many hours 
on a continuous basis. 

With the zero magnetic f ield the accelerator section of the engine 
could also be operated for  extended periods of time (greater than t h i r t y  
minutes). 
continuously for  periods of minutes at magnetic fields above 500 gauss, 
primarily because of severe erosion of insulating materials. 
d i f f i cu l ty  occurred from the  tendency of the arcs t o  migrate along the 
electrode leads when the external magnetic f ie ld  increased beyond several 
hundred gauss. Erosion of insulating plates on the  top and bottom of the 
accelerator section was a l s o  severe, but i n  only one case w a s  it necessary 
t o  terminate an experiment because of arcing t o  the magnet pole faces through 
these insulators. 
reduced by making three modifications t o  the  present accelerator components. 
The first modification would involve increasing, by a factor of two, the 
distance between the electrode surfaces and the top and bottom insulating 
plates .  

On the other hand, the accelerator section, could only be operated 

The principal 

It is believed tha t  material erosion could be significantly 

In the experiments described above, there  w a s  a tendency for  arc  
attachment on the anodes t o  occur on the copper portion above the tungsten 
t i p s ,  probably because of the greater conductivity of copper. 
a second change would be made by increasing the diameter of the anode t o  at 
least one inch and forming a hemispherical t i p  en t i re ly  of copper with adequate 
water cooling. 

Therefore, 

The cathode attachment in  the experiments conducted w a s  , i n  general, 
rather e r ra t ic .  
cathode could be made t o  emit electrons thermionically from the whole cathode 
t i p .  
diameter t o  one inch and forming the t i p  from thoriated tungsten. 
would be uncooled, and allowed t o  heat t o  the point of copious thermionic 
emission. 
water supply. 

A much more stable mode of operation could be obtained i f  the  

Hence, the th i rd  modification would consist i n  increasing the cathode 
The t i p  

This temperature could be controlled by adjusting the cathode cooling 
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The m o d i f i c a t i o n s  sugges ted  would mean i n c r e a s i n g  t h e  magnet 
gap and t h i s  would r e s u l t  i n  a dec rease  i n  t h e  maximum o p e r a t i n g  f i e l d .  
However, f i e l d 6  of s e v e r a l  thousand gauss  (e .g . -  2000 gauss )  would 
still  be  a v a i l a b l e  and such  f i e l d s  would be  adequa te  f o r  most expe r i -  
ments. 

I n  e a r l y  exper iments  wi th  uns taggered  e l e c t r o d e s  a H a l l  d e f l e c -  
t i o n  on t h e  j e t  w a s  observed. This  d e f l e c t i o n  w a s  l a r g e l y  e l i m i n a t e d  by 
s t a g g e r i n g  t h e  e l e c t r o d e s  s o  t h a t  w i t h  a 1-1/4 i n c h  s p a c i n g  between e l e c -  
t r o d e  t i p s ,  t h e  axis of ca thodes  were one and one-half  i n c h e s  upstream 
from t h e  axis of t h e  anodes.  There s t i l l  remained a j e t  d e f l e c t i o n  a t  t h e  
end of t h e  a c c e l e r a t o r ,  probably due t o  t h e  i n t e r a c t i o n  of t h e  c u r r e n t s  i n  
plasma and t h e  f r i n g i n g  f i e l d  of t h e  magnet. T h i s  d e f l e c t i o n ,  i n  a d d i t i o n  
t o  t h e  
and producing  a n e t  d e f l e c t i o n  i n  t h e  downward d i r e c t i o n .  

@ -  6 x 3) x 3 i n t e r a c t i o n  had t h e  e f f e c t  of s p r e a d i n g  t h e  beam 

Experiments  w i t h  argon-helium m i x t u r e s  have shown t h a t  i t  is 
p o s s i b l e  t o  o p e r a t e  a c o n s t a n t  c u r r e n t  a r c  a t  a v o l t a g e  which is ve ry  
i n s e n s i t i v e  t o  t h e  pe rcen tage  of he l ium i n  t h e  m i x t u r e ,  b u t  depends main- 
l y  upon t h e  a rgon  f low rate.  
t h e r e  i s  on ly  a 3 v o l t  change i n  t h e  a r c  v o l t a g e  as t h e  hel ium f low rate  
i s  i n c r e a s e d  from 0 t o  75% of  t h e  t o t a l  g a s  flow by volume o r  from 
0 t o  24% of t h e  t o t a l  f low by mass. 

With a n  a rgon  f low r a t e  of 0.08 gm/sec 

The Cardan h inge  dynamometer, w i t h  t h e  h inge  t h i c k n e s s e s  and 
a l ignmen t s  u sed ,  l a c k e d  t h e  s e n s i t i v i t y  t o  y i e l d  a c c u r a t e  t h r u s t  measure- 
ments a t  t h e  t h r u s t  l e v e l s  achieved wi th  t h e  a c c e l e r a t o r  a t  low gas f low 
rates.  It i s  b e l i e v e d  t h a t  t h e  t h r u s t  i n  a l l  low f low c a s e s  w a s  l e s s  
t h a n  100 grams. However, t h e  s e n s i t i v i t y  of t h e  system can be g r e a t l y  
improved by d e c r e a s i n g  t h e  hinge t h i c k n e s s e s  and by c a r e f u l  a l ignment  
of t h e  h inges .  The q u a r t z  t h r u s t  p l a t e  w a s  a ve ry  s e n s i t i v e  t h r u s t  i n d i -  
c a t o r ,  b u t  l acked  accuracy .  

The exper iments  which were performed wi th  t h e  a r c  e l e c t r o d e s  
i n t r o d u c e d  p a r a l l e l  t o  t h e  i n i t i a l  f low d i r e c t i o n  and w i t h  t h e  e l e c t r o d e  
t i p s  i n  t h e  f r i n g i n g  magnet ic  f i e l d  i n d i c a t e  t h a t  i n s u l a t o r  e r o s i o n  can  
be c o n s i d e r a b l y  dec reased  and t h a t  s t a b l e  a r c  o p e r a t i o n  can be ob ta ined  
i n  h igh  magnet ic  f i e l d s  a t  h igh  power l e v e l s .  
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APPENDIX I 

Accelerator Theory 

A. LIST OF SYMBOIS 

plasma density 

plasma velocity 

plasma pressure 

plasma temperature 

magnetic induction i n  stationary reference frame 

e lec t r i c  f ie ld  intensi ty  i n  stationary reference frame 

e lec t r ic  f ie ld  intensi ty  i n  reference frame moving 

with velocity f, (E’=E + ?? x 3) 

current density 

ion mass 

electron charge 

ion-atom collision frequency 

electron-atom col l is ion frequency 

electron-ion col l is ion frequency 

electron mass 

viscous s t ress  tensor 

2 t o t a l  energy of the plasma per uni t  mass, eg = Ug+ 2 
U 

-60- 



U t o t a l  i n t e r n a l  energy of t h e  plasma per  u n i t  m a s s  

h 

k 

g 
en tha lpy  of  t h e  plasma, h = Ug + 

c o e f f i c i e n t  of h e a t  c o n d u c t i v i t y  ( i n  g e n e r a l  a f u n c t i o n  of T) 

= CpT 

s p e c i f i c  h e a t  at c o n s t a n t  p r e s s u r e  
cP 
,U0 n a g n e t i c  p e r m e a b i l i t y  

@ c o n d u c t i v i t y  t e n s o r  

For  a weakly i o n i z e d  gas  i n  which t h e  g r a d i e n t  of t h e  e l e c t r o n  
p r e s s u r e  i s  n e g l i g i b l e ,  t h e  c o n d u c t i v i t y  t e n s o r  is  a f u n c t i o n  of t h e  
components of r, t h e  z e r o  ' B f i e l d  c o n d u c t i v i t y c o  , t h e  H a l l  parameter  d , 
and t h e  i o n  s l i p  parameter  x2, w h e r e @ , F o ,  and 5 are g iven  by 5 2 

where 1 is t h e  u n i t  dyadic .  

2 

m 
n e  e e 

e 
6 =  0 

1 
n e  e 

b; = - H a l l  parameter  

i o n  s l i p  parameter  4" Oia x2 = B 
where 

n = e l e c t r o n  c o n c e n t r a t i o n  e 

n 

n 
a f = -  
e +  a n 

n - n e u t r a l  atom c o n c e n t r a t i o n  a 

-61- 



B FUNDAMENTAL EQUATIONS 

The fundamental  e q u a t i o n s  govern ing  t h e  s t e a d y  s ta te  
behav io r  of a c r o s s e d  f i e l d  plasma a c c e l e r a t o r  are l i s t e d  below, assuming 
t h e  plasma is  e l e c t r i c a l l y  n e u t r a l  and behaves as a p e r f e c t  gas. 

v. p c  = 0 C o n t i n u i t y  

P = pm S t a t e  

p u  . VG = - v p  + v *  +TX$ Mot i o n  

v* f e  u = - v  p c +  T )  + .(k T) + S x E ’ E n e r g y  

or 

,OT -v(h + 2) = -(E-T) + (k T) + j x E’ 

+ J = Q . P  Ohms L a w  

V x X  Maxwells’ Equat ions  

V X E  = 0 

_-L 

- L A  
2 

U 

A 

v . 3  = 0 

C.  CURRENT DEKSITY COMPONENTS 

The t e n s o r  c o n d u c t i v i t y ,  i n  t h e  c a s e  of a weakly i o n i z e d  
g a s  (f x 1) i s  g iven  by t h e  i n c r e a s e  of t h e  t e n s o r  

where I is t h e  u n i t  dyadic .  
* 

If % is  d i r e c t e d  a l o n g  t h e  nega t ive  x - a x i s  (F igu re  1) and E h a s  compo- 
n e n t s  E and E t h e n  

Y z1 

1 1 0 0 

0 (1 + 8, 0ia) Oe 
0 - 8, (1 + 8, Qia) 

q)= 
n 
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where 

The current density may be written as 

The components of the current density are: 

jx = 0 

The total current density is 

j =$- 

= 6- -$E - U B)' + (EZ + U BIZ 

A 
D. VELOCITY INTERTCTION 

Ohm's Law, in the absence of an applied electric field 
becomes - J = o * ( y X % )  

Hence, the equation of motion (neglecting pressure and viscous terms) 
becomes 

p; .  y7Y = [a G i x q  x %  

Thus, there will be an interaction between the conducting plasma and 
the magnetic field even with externally applied electric field. 
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APPENDIX I1 

Thrust Measurement with Thin Flexure Dynamometry 

Two common methods of direct thrust  measurement include: 
causing the je t  beam t o  impinge upon some target  which senses and measures the 
thrus t ,  or (2) f loating o r  suspending the engine and measuring the  reactive 
force exerted upon it. 
discussion. Manifold d i f f icu l t ies  and uncertainties are encountered i n  thrust  
t a rge t  measurements including: uncertainty of efficiency of momentum transfer  
(collecting beam and causing a 90" deflection), disruption of flow, burning 
or  melting away of the target  and,inherent with a 
of applying a constantly varying and poorly defined angle of incidence 
correction caused by the H a l l  current beam deflection. 
apparent tha t ,  for any reasonable degree of thrust  measurement accuracy, 
some type of reactive force measurement must be adopted. 

(1) 

The l a t t e r  method w i l l  be considered i n  t h i s  

x % device, the necessity 

It then becomes 

A f e w  reactive force devices currently i n  use include; the  thrus t  
ca r t  (engine is  mounted on a wheeled vehicle), the  b a l l i s t i c  pendulum, c r i t i c a l l y  
loaded columns, and th in  flexures of the Cardan hinge type operating i n  one 
degree of freedom. Each has obvious advantages but all have disadvantages 
fo r  application t o  a Notable disadvantages are ex- 
cessive f r ic t ion ,  single degree of freedom or  inabi l i ty  t o  prevent rotational 
forces which cause crossfeed and confusion of supposedly independent data. 

Since a two-component thrust w i l l  be experienced with a 
engine, two independent suspensions are required t o  obtain measurements of 
both components. Thus, a special dynamometer has been developed. 

x 3 thrust  dynamometer. 

x 3 

The working members i n  th i s  dynamometer are th in  flexures called 
Cardan hinges. 
flexure. 

Figure 31 i l lus t ra tes  t he  construction of a Cardan hinge 

The th in  flexures i n  the Cardan hinge allow fo r  ease of movement 
result ing from forces paral le l  t o  A-A but are extremely r ig id  t o  forces 
para l le l  t o  B-B. 
is  possible t o  design for  positive or zero restoring force i n  which case the 
hinge acts  as a nearly f r ic t ionless  bearing, f r ic t ion less  except for  molecular 
f r ic t ion .  

By properly matching the flexure thickness t o  the  load it 
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c 
B 

Figure 31. Cardan Hinge 

U s i n g  two pa i rs  of Cardan hinges, orthogonally, it is possible t o  
have non-rotating free motion i n  a plane, an advantage not afforded by e i the r  a 
b a l l i s t i c  pendulum or  c r i t i c a l l y  loaded columns. 



a. S tab i l i ty  Calculations 

Determination of hinge thickness (h) with reference t o  the  sketch 
below, the load per flexure plate  is 

1 
2 

p = - X  800 = 400 lbs  

Allowing a factor of four 
on the f i l e r  c r i t i c a l  load 
W = 4 x 400 = 1600 lbs.  

i.e., the  hinge is  t o  be 
designed t o  support four 
times the buckling load 
b = width = 8 inches 

The free-free column length Jl (for a column with both ends 
movable) is: 

1 
2 Q = - x 1 = 112 inch. 

The c r i t i c a l  load for such a column is given by 

and /u where E is the Young's modulus, I the  geometrical moment of iner t ia ,  
is  Poisson's ra t io .  

For a long, thin stainless s t e e l  column 

bh3 I = -  
1 2  

7 E = 2.8 x 10 ps i  

p a o - 3  
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so 

Ebh3 
= 12 x 0.9112 

2 12 x 0.91 x 1.6 x 10 3 x (5 x 10”) 
h3 = 

T 2  x 2.8 x 10 7 x 8 

h = 1.26 x in. 

The direct  axial stress is  

P 

b. Pendulum-Type Forces 

The system as constructed behaves as an inverted pendulum. 
Consider a small displacement J. 

The force tending t o  upset the system i s  

The load C2 along the hinge is 

C2 = P cos 8 P. Since the m a x i m u m  
allowable displacement i s  ,$ = 0.0015 inch, as determined by the s t r a i n  gage, and 
the ver t ica l  length of the hinge is L = 8 inches, the  upsetting force is 

V 

c. Bending Load Associated with Eccentric Application of the 
Load i n  a Deflected Position 

If the load is displaced a distance 8 , 
the  radius of curvature of the flexure 
i s  

Q 

s 
R e -  

also e 
e-- 

/ 

L 

QL R w -  S 
so 
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Using the maximum allowable deflection 

= 0.0015 inch 

The displacement € is  given by 

R @  
2 € = R (sec 8 -1) 

and the moment about pointQ i s  

1 1.5 10-3 
h $ = C 2 €  = m x  2 x 8  

-2 = 3.75 x 10 in.-lbs 

The m a x i m  fiber stress T m i s  

T = - - -  %Yn Mlh 
m I - 2 1  

3075 x lo2  x 1.26 x - - - [ 8 x (1.26 x io-23 ] 
12 2 x  

2 = 1.77 x 10 psi  

on the order of 45 of d i rec t  axial s t ress .  

d. Neutral Stabi l i ty  

Flexure plates can be designed for  approximate neutral  
pendulum s t a b i l i t y  of the en t i re  assembly. To achieve th i s ,  the  moment !$ 
should be equal t o  tha t  required t o  bend the plate  through angle 8 or t o  radius R. 
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Thus : 

I = (1 -p2) pL 4 per flexure p la te  E 

-4 I = - -  bh3 - 1.04 x 10 12 

then 

h = 0.0538 inches 

A t  t h i s  flexure thickness, the e l a s t i c  restoring force 
would approximately balance the  inverted pendulum effect  t o  prevent toppling. 
If h3 were doubled, the dynamometer would return t o  the  neutral  center, as i f  
suspended as a conventiondl pendulum (provided it were i n i t i a l l y  leveled). 

With the thickness of the  flexures now determined the  
next s tep  is t o  provide for  mounting two pairs  of Cardan hinges, orthogonally, 
i n  some manner other than stacking them one upon the  other. 
accomplished by mounting one set between the  engine and a movable platform, 
and the other set between t h i s  movable platform and the  base plate.  
(minus bracing and gusseting) is  enclosed as Figure 14. 

This was 

A drawing 

To measure the transverse component of th rus t  (due t o  
H a l l  current deflection of the beam) another departure from the  normal 
orientation of the  engine was made. Most engines of t he  3 x 3 type are run 
with the  "E" field electrodes oriented i n  a ve r t i ca l  mode. 
would be t o  measure a fraction of a pound i n  800 pounds (engine weight). 
d i f f i c u l t  t o  accomplish t h i s  w i t h  the  required degree of accuracy since the  
weight of the engine obscures the transverse thrust .  
t o  yield sensit ive measurements, the "E" f ie ld  electrodes are  oriented i n  the  
horizontal m o d e ,  
Both longitudinal and transverse thrust  components are then horizontal. 

The problem then 
It is 

To avoid t h i s  problem, and 

This yields an unencumbered horizontal th rus t  component. 
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To prevent extraneous forces or res t ra ints  from being 
imposed upon the  dynamometer, a l l  e lec t r ica l  connections are m a d e  through 
mercury pots. A probe from each electr ical  f i t t i n g  is  immersed i n  a pool of 
mercury which completes the  circui t  and simultaneously provides a completely 
flexible connection. 
but an effor t  has been made t o  dynamically balance a l l  water forces and t o  
reduce force couples t o  a minimum. 

The cooling water connections are not as readily handled 
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APPENDIX I11 

ANALPTICAL STUDIES OF (5 X B) ACCELERATOR 

The analytical  program t o  be carried out by the Marquardt Corporation 
w a s  deleted from the work statement during the th i rd  quarter of the contract i n  
order t o  supply a larger e f for t  on the more important experimental program. 
Although def ini te  resul ts  are  not obtained, the progress made up t o  the 
deletion of the analytical  portion i s  described below. 
the time was spent on analyzing heat t ransfer  and f r i c t ion  effects  applicable 
t o  the  desired range of mass f l o w  and specific impulse i n  the presence of 
crossed e l ec t r i c  and magnetic fields.  
as H a l l  e f fect  studies, were started but, because of lack of t i m e  and 
insufficient experiment& data, d i d  not advance t o  a point where any significant 
results can be reported. 

A major portion of 

The kinetic theory analysis, as w e l l  

A. Heat Transfer and Friction Effects 

O f  all the  c r i t e r i a  affecting the performance of e l ec t r i ca l  
propulsion systems for  space missions, the  requirements of high power conversion 
efficiency and long engine_tife are probably most important. 
t rue  of crossed f ie ld  (TXB ) accelerators, where the  electrodes must maintain 
s t ructural  integri ty  with minimal heat l o s s  i n  the presence of a high velocity 
plasma stream and a high current density gaseous discharge. 
of the  f l o w  phenomena over the J X Baccelerator electrodes i s  necessary t o  
obtain a better knowledge of the parameters affecting electrode heat t ransfer  
and heat t ransfer  rates. 

This is  particularly 

Therefore, a study 
d C  

Previous investigations ( R e f .  1 & 2) of heat t ransfer  and 
f r i c t ion  effects  i n  magnetogasdynamic channel flow have u t i l i zed  the conventional 
boundary layer equations modified by the addition of an electromagnetic body 
force term i n  the  momentum equation, and a joule dissipation term and an 
electron enthalpy transport term i n  the  energy equation. However, use of the 
boundary layer equations implies that an order of magnitude analysis has been 
made t o  obtain the simplified forms of the momentum and energy equations. 
Thus, there must be some bounds on the electromagnetic terms appearing i n  these 
two equations. These bounds must be defined before any type of boundary 
layer analysis can be employed. The following f l o w  model w a s  assumed t o  
determine what bounds must be placed on the electromagnetic terms: 

a) steady, compressible, two dimensional flow 
b) the current hensity i s  a constant perpendicular t o  the 

electrode surface, and i s  determined by conditions i n  
the free stream 

- 71- 



I 
i 
I 
i 
I 
1 
8 
I 

c) the magnetic f lux  density is  perpen- 
dicular t o  both the current density 
and the free stream velocity 

the boundary layer thickness ( $ ) 
is much less than some character- 
i s t i c  accelerator dimension ( 1 ) 

d) 

Y 

It i s  a l so  assumed that the f lu id  e lec t r ica l  conductivity 

Finally, it 
is a scalar, the specific heat, c , i s  a constant, and tha t  the electron 
temperature can be different f r o g t h e  ion and neutral temperature. 
i s  assumed tha t  the magnetic Reynolds number (R,= a;$/Loo 
unity. 
by the gas motion (the magnetic f i e ld  induced by currents i n  the  flow is small 
relat ive t o  the applied field),  thereby uncoupling Maxwell's equations from the 
f lu id  dynamic equations. 
flow are given by: 

i! )is  less than 
This assumption infers that the magnetic f ie ld  is  essent ia l ly  unaffected 

With these assumptions, the  equations governing the 

continuity : 

x- momentum: 

non-dimensionalizing i n  the foll&ing mm-er 
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p*= P lp, 

the  continuity equation yields the resu l t  tha t  

5 - 0  U, ($) 
the  momentum equation i n  the  x-direction gives 

while the momentum equation in  the y-direction gives 

That is, the pressure is  a f’unction of x only, and i s  constant across the 
boundary layer. The energy equation yields the resu l t  t ha t  

-JKTe 5 -  = O [ $ e p u  CpT-]  
2 ob 0 0 -  

Equations (7) and (11) can be combined t o  eliminate j, and together with the 
equation of state, give 
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For l o w  supersonic Mach numbers equation (12) states tha t  the r a t i o  of the 
electromagnetic force t o  the iner t ia  force must be of the order of unity. 
For Reynolds numbers much greater than unity, it is  a l so  seen tha t  the Hartmann 
number (Ha-ratio of electromagnetic t o  viscous forces) 
unity. Combining equation (12) with the assumption of 
number gives after some manipulation 

Equation (11) can be put into the form 

With the aid of the preceding equations, the 
the boundary layer analysis can now be  discussed. The 

must be greazer than 
small magnetic Reynolds 

regions of va l id i ty  of 
flow must be a 

continuum for  the concept of a boundary layer t o  be a rea l i ty .  
tha t  the mean free path of an electron must be much smaller than the boundary 
layer thickness. 
obtain an electron mean free path of 1.0 mm i n  helium (The characterist ic length 
is assumed t o  be 0.1 m, and the coll ision cross-section was  obtained from 
Reference 3). 

This implies 

Figure 32shows the required temperatures and pressures t o  

~n even more stringent repirement i n  terms 02 accelerator s t a t i c  
pressure is that the boundary layer thickness must be much smaller than t h e  
characterist ic length. From equation ( 6 ) ,  it i s  seen that t h i s  requirement 
is  satisfied for  Reynolds numbers greater than approximately 4-00. 
for  R e  = 500 i s  plotted on Figure32,assuming a Mach number of unity. Note 
tha t  p, = 
accelerator work done under Contract NAS 5-1120, falls nearly on the R e ,  = 500 
l ine .  

A l i n e  

atrn, T, = 3000 K, which is  roughly the operating point of the 

It was shown previously (e.g. (11) - (13) ) tha t  for  a given 
magnetic flux density, the pressure had t o  be below some maximum value t o  
insure tha t  the iner t ia  force be of the order of the electromagnetic body 
force. 
gauss) is  sham i n  Figure 32 t o  be 0.64 a t m .  

The m a x i m u m  accelerator s t a t i c  pressure for  B = 0.3 weber / m2 (3000 
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The order of magnitude of the  current density applicable t o  t h i s  
analysis is  given by equation (14). 
equations from Reference (4) relating current density t o  electron temperature, 
degree of ionization, and e lec t r ica l  conductivity. 
density from equations (10) and (ll), and using the  calculated e l ec t r i ca l  
conductivity, an estimate of the  electron temperature applicable t o  t h i s  
analysis can be obtained. 
1.0 percent cesium. 
ion-neutral temperatures of about 1600~ and is  nearly independent of accelerator 
s t a t i c  pressure. A t  ion-neutral temperatures below t h i s  value, the  electron 
temperature rises t o  values sufficiently high t o  invalidate the order of 
magnitude argument presented previously. 

This equation can be combined with 

Eliminating the current 

This was done for  helium propellant seeded with 
The resultant l i m i t  l i ne  sham i n  Figure 32 gives minimum 

One final l i m i t  l i ne  that m i g h t  be plotted on Figure 32 i s  the l i ne  
fo r  a magnetic Reynolds number of unity. 
unity and a characterist ic length of 0.1 meter, the e lec t r ica l  conductivity 
must be greater than 103 mho/meter. Electr ical  conductivities of t h i s  magnitude 
cannot be obtained w i t h  a 1 percent cesium seeding and with the current density 
specified by equation (14). However, for  higher seed ra t ios  and greater current 
densit ies,  there w i l l  be some upper l i m i t  t o  the accelerator s t a t i c  temperature. 

However, with a Mach number of 

Therefore, it can be concluded fromthe results given i n  Figure 32 
that the boundary layer equations supplemented by the  electro-magnetic terms 
can be employed fo r  accelerator s t a t i c  pressures between approximately lo-* 
a t m .  and 1 a t m . ,  and fo r  accelerator s t a t i c  temperatures greater than roughly 
1600~. 
these bounds. 

The operating regime of the T X  B accelerator is  expected t o  fa l l  within 

The appropriate boundary layer equations obtained from the  order of 
magnitude simplification of equations (1) through (4) then become 

d 
a x  

+ ~ ( K ~ + ~ J , T ~ )  dJ 5 - K  
dY 
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i R  These equations, together with the equation of state, must be 
supplemented by equations relating electron temperature and ion-neutral 
temperature and ion-neutral temperature t o  e l ec t r i ca l  conductivity. 
Reference (4), the  electron temperature as a function of the other variables is  

From 

With the assumption that ionization equilibrium i s  attained at the 
electron temperature, the electron concentration is  given by Saha's equation 
(Reference 4). I 

For a mixture of an inert carr ier  gas seeded with an eas i ly  ionizable 
gas, the  e lec t r ica l  conductivity is (Reference 4). 

These equations can be solved by the method of s imilar i ty  used i n  
Reference (2). Huwever, the results are not general i n  that the free stream 
velocity and s t a t i c  pressure must vary i n  a particular way. 
l e s s  accurate solutions can be obtained by using integral  methods, i n  which 
the velocity and s t a t i c  temperature distributions through the boundary layer 
are approximated by polynomials of a degree suff ic ient  t o  s a t i s fy  the 
appropriate boundary conditions. 

More general but 

The solution, which was  essentially an extension of t he  work of 
Reference (5) t o  include the electromagnetic terms, w a s  quite general i n  that 
arbi t rary pressure and surface temperature gradients and an arb i t ra ry  but constant 
Prandtl number were allowed. Originally, the assumption w a s  m a d e  both i n  
Reference (5) and i n  a similar Marquardt program tha t  the thermal boundary 
layer thickness a was always greater than the dynamic boundary layer 
thickness s . Since t h i s  is  not necessarily true for  the system under 
investigation, a revised IBM 704 program was written t o  include cases where 

defined as the r a t i o  of the thermal boundary layer thickness and the dynamic 
boundary layer thickness S .  
numerical integration had progressed only a short distance down the accelerator 

is  less than s . A t e s t  case was run with A * <1 where A * is  

However, the computer stopped itself after the 
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channel. 
where the machine must simultaneously solve four coupled, non-linea! algebraic 
equations for the temperature gradient at the wall, two temperature prof i le  form 
factors  and 
arrive a t  a solution, the  equations w i l l  simply be stated here. 

Investigations of the available data showed tha t  the problem occurs 

+. To show the complexity of these equations and a method t o  

[ - 0.1 84 5 + 0.00 109 A + 0,300 1 1 + A f t 0.000001 6 1 h u2 
+ 2Cp Jt, 
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For a given 

obtained from equation 21. Knowing h tl and 

solved for  e , o ) .  tl, t and k(2,o) are then inserted in to  equation 

23 t o  check whether the left  hand side (known from another equation) equals 
the right hand side. If equation 23 is not sat isf ied then a new value fo r  

23 found. 

*, equations 20, 21 and 22 are  solved for  h t2 and then h tl i s  
t2, equation 20 can then be 

2 

A * is used and the en t i re  process is repeated u n t i l  a solution for  equation 

Numerous calculations were performed with the IBM 704 computer but 
no correct solutions could be obtained. 
20-23 it would be necessary t o  find the  e r ror  i n  the present program. 
involves a slow and arduous hand calculation which was not carried out because 
the analytical  portion w a s  deleted from the program. 

To arrive at a solution to equations 
This 

B. Kinetic Theory Analysis 

* The kinetic theory analysis performed during 1962 resulted 
i n  a simple relationship fo r  the d i f fe ren t ia l  thrust  acquired as a consequence 
of any given increment of parer. 

= (discharge volume) ( f l i  #e) 

@% 
N ~ a n d  ,& are the ion and electron f r i c t ion  terms 

This approximation considered only the power required t o  
respectively, $ is the ionizgtion potent ia l  and CTq 
of the discharge. 
ionize additional atoms needed for a given increment of thrust .  

is the f l o w  cross section 

The m i n i m  tolerable voltage gradient EA, i f  “blow out” 
is t o  be avoided, i s  given by the  following expression: 

where V is  the stream velocity, H i s  the magnetic f i e ld  strength, c i s  the 
velocity of l ight and a i s  the discharge cross section. 

Since the  ionization potential, @ , appears i n  Equations 

- 79- 



(1) and (2) , both the thrust  t o  power r a t i o  and the blow out condition can be 
improved. A comparison of ionization potentials of noble gases with those of 
alkali earths clear ly  shows (see table  below) tha t  the  thrust  t o  
c m  be improved by a factor of 4. 
second term of Equation (2) causes a decrease i n  the externally applied f ie ld  
gradient EA. 

mer r a t i o  
Furthermore, the presence of i n  the 

MASS - IONIZATION 

H e  
L i  
N e  
N a  
A 
K 
Kr 
Rb 
Xe 
cs 

24.6 
5.3 

21.6 
5.1 

15.8 
4.3 

14.0 
4.2 

12.1 
3.9 

4.0 

20.2 
6.9 

23.0 
40.0 
39.1 
83.8 
85.5 

131 3 
132.9 

A t  l o w  ionization potentials, thermal ionization may be 
important 
equation (3) , for thermal ionization assumes tha t  ions, electrons and neutrals 
are in  thermal equilibrium. 
accelerator are far from equilibrium, which permits operation of a 5 XB device 
at re la t ively low gas temperatures. 
ionization and indicates the amount of energy stored i n  the heat of the gas 
tha t  i s  available for  producting ionization. Saha's equation is  given by: 

enough t o  completely change the character of the  analysis. 

Conditions i n  e i ther  an arc  je t  or a 3 X 

Saha's 

Equation (3) gives a lower bound on 

= f  
2 -7 2 . 5  -g 

- 1 1 - = ~ . i ~ x 1 0  T e 1- x 2  
(3) 

n i  
where X = - is  the fraction of a t  
T = temperature - OK, e = 1.6 x 
k = Boltzman's constant - 1.38 x 10-23 joules/%. 

s ionized, p = t o t a l  pressure-atm, 
coulomb, fl = ionization potential-ev, 

For X near 1 (complete ionization) an approximate expression 
for x is: 

P X * l - - -  
2f 
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and for  X near 0 (no ionization): 

The resu l t s  are quite temperature sensitive. Assumim a Pressure of 
atmospheres and a temperature of 3000°K, Equation (5)-giv& only 6 s  ionization 
while at the same pressure and 5000OK, Equation (4) yields 87$ ionization. 
These resul ts  suggest t ha t  i n  a seeded accelerator, ionization could extract  
energy primarily from the heat content of the gas and only secondarily from 
ionizing coll isions with electrons. 

w i l l  be expended in  ionization. 
thermal energy, the ionization energy is  only a small fraction of the  energy 
available. If the ionization takes place i n  the  a rc  jet, no particular 
advantage accrues t o  thermal ionization since4his-energy must be replaced by 
the  arc  jet  if  the entrance velocity in to  the  J X B section is t o  be as high 
as possible. On the other hand, i f  the ionization occurs after the gas has 
l e f t  t he  a rc  j e t  the energy w i l l  come from random thermal energy, most Of 
which could not be recovered. 

If fl is  4 ev/ion then for  1$ seedi low2 
ev/atom w i l l  be produced. Therefore, 4 ev/ion x 10'2ions/atom = 4 x 10 3 ev/atom 

Since the gas has approximately 0.3 ev/atom of 

Another consideration of possible importance is the effect  of 
the ion/atom mass r a t io  on the fr ic t ion terms,,ujand ae , i n  Equations (1) 
and (2). 
exchange. 
as yet but, i n  general, it would appear advisable t o  use a seeding element of 
nearly the same mass as t h a t  of t h e  gas. 

A large difference i n  masses leads t o  poor momentum and energy 
The implications of t h i s  mismatch have not been thoroughly explored 

A l l  modes of energy t ransfer  w i l l  be affected by the  addition 
of a seeding element. 
include the cathode and anode sheaths and cathode and anode work functions, 
radiation losses, energy frozen i n  excited atomic or molecular states, 
convective heat transfer,  and defocusing mechanisms such as the Hall effect .  

Effects which must be considered t o  some approximation 

C. H a l l  Effects and Methods of Reducing T h e m  

One of the major problems in  a J X B magnetogasdynamic 
- A  

accelerator i s  beam deflection which is caused by interaction of H a l l  currents 
w i t h  the  magnetic f ield.  
beam deflection must be el iminated or  at least minimized, i.e., the ax ia l  
current or  H a l l  currents have been proposed. 
which was reported by Blackman (6) and Lenn, e t  al (7) is t o  provide an axial 
potential  opposing the H a l l  potential by proper staggering of accelerator 
electrodes 

I n  order t o  maximize the  thrust  of such an accelerator, 

The most promising method t o  date 
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h 

Ha 

I 

J 

k 

K 

P 
m 

M 

n 

P 

'r 
Q 

e R 

Rn 

D. Symbols 

Magnetic flux density 

Specific heat at  constant pressure 

Constant i n  eq, 17 

Charge on electron 

Planck's constant 

1 p  J 
Ionization potent ia l  of seed gas 

Current dens it y 

Boltsmann's constant 

Thermal conductivity 

Characteristic length 

Mass 

Mach number 

Par t ic le  density 

S ta t i c  pressure 

Prandtl number 

Collision cross-section 

Reynolds number 

Magnetic Reynolds number 
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T 

U 

V 

X 

Y 

s 
0 

€ 

A 

D 

s 

0 

Temperature 

Velocity parallel  t o  surface 

Velocity perpendicular t o  surface 

Dimension parallel  t o  surface 

Dimension perpendicular t o  surface 

Ratio of specific heats 

Boundary layer thickness 

Permitivity of free space 

Viscosity 

Permeability of free space 

Density 

Electr ical  conductivity 

Velocity profile 

Temperature prof i le  

a 
Thermal boundary layer thickness 

Dynamic boundary layer thickness 

Temperature prof i le  form factors 

Thickness parameter 

Universal f inction of A* 
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e 
W 

t 

OQ 

0 

( 1' 

Sub - and Superscripts 

Electron 

Conditions a t  body surface 

Stagnation c ondit i ons 

Free stream conditions 

Local f ree  stream conditions 

Dimensionless 

Differentiation with respect t o  T o r  7, 
Differentiation with respect t o  x or 2 
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